Abstract. The cropping system with rotations between cotton and winter wheat−summer maize (W-M) 12 is widely adopted in northern China. Optimizing the rotation pattern and related field management 13 practices of this system is crucial for reducing its negative impacts on climate and environmental 14 quality. In this study, the approach applied to identify the optimal rotation pattern with the best 15 management practice (BMP) relied on biogeochemical model simulations to determine the negative 16 impact potential (NIP) of individual management options/scenarios and a set of constraints. The 17 optimal rotation pattern and related BMP are referred to as the scenario with the lowest NIP that 18 satisfies the given constraints. All the variables of interest were generated by simulation of the 
inputs used by Cui et al. (2014) were directly adopted in this study. As the validation of the model 212 outputs for the W-M was reported by Cui et al. (2014) , it was not repeated in this paper. 213
Scenario settings of rotation patterns and management practices 214
To investigate the biogeochemical effects of rotation pattern and management practices with the 215 goal of identifying the optimal pattern and its BMP, two levels of scenarios were explored. 216
The level-I scenarios considered rotation patterns. They were set for a 6-year cycle based on 217 surveys of local farmers (Liu et al., 2010 (Liu et al., , 2011 (Liu et al., , 2014 . These pattern scenarios included all the rotation 218 combinations between cotton and the W-M as well as the monoculture of the latter cropping system. 219 Thus, there were six level-I scenarios in total, hereinafter referred to as R 0 , R 1 ,..., R 5 , from which the 220 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License.
optimal pattern was selected. Among these scenarios, R 0 denotes the 6-year monoculture of the W-M; 221 R 1 represents the 1-year cotton rotated with the 5-year W-M; and so on. Some years ago, the local 222 farmers typically did not cultivate cotton monocultures for longer than five years in the region. 223
However, heavy applications of herbicides, pesticides and germicides are often required to stabilize the 224 cotton yields of long-term monocultures. To reduce the negative environmental effects of these 225 chemicals, the longest cotton monoculture was set as 5 years in the level-I scenarios. For the transition 226 from cotton to the W-M in each pattern scenario, winter wheat sowing occurs in late October of the 227 same year, immediately following the last harvest of cotton grain. Prior to this winter wheat sowing, the 228 cotton residues are cut with machinery operations and fully incorporated into the soil by plow tillage 229 (30 cm depth). In the non-transition year, the cutting and incorporation of cotton residues occur in early 230
November (Table S2 ). For the opposite transition, the cotton grown after the last maize is sown in the 231 middle of April of the following year, with a bare-soil fallow period of nearly 5 months between the 232 growing seasons of the two crops. In screening for the optimal rotation pattern, the management 233 practices of the baseline level-II scenario (Tables S2−3 ) were adopted to drive the simulations for all 234 the level-I scenarios. 235
The level-II scenarios considered the field management practices of fertilization, irrigation, crop 236 residue treatment and tillage. From these scenarios, the BMP was identified for the optimal rotation 237 pattern. In this regard, the level-II scenarios were set only for the optimal rotation pattern chosen from 238 the level-I scenarios. In setting these level-II scenarios, five factors were considered, including (i) 239 fertilizer dose, (ii) water amount and (iii) method of irrigation, (iv) incorporated/retained fraction of 240 crop residues, and (v) depth of tillage. This resulted in 108 level-II scenarios in total, of which one was 241 used as the baseline for all five factors, eight were used for the single-factorial settings (Table 1) , and 242 the remaining ninety-nine were the multi-factorial scenarios that were generated by fully combining the 243 settings of the baseline and single-factor scenarios (details of combinations not shown). In each 244 single-factor scenario, one of the five factors was exclusively modified, i.e., improved from its baseline 245
level. 246
The values of the five factors were set for the baseline level-II scenario (Tables S2-3) by referring  247 to the observations for the conventional management practices in both experimental lands (Liu et al., 248 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License. 2010 , 2011 Wang et al., 2013a, b) . These baseline management practices were widely adopted in 249 the region (Cui et al., 2014) . Specifically, the dates of sowing and final harvest were set as 14 April and 250 23 October, respectively, for cotton; as 24 October and 3 June, respectively, for wheat; and as 6 June 251 and 14 October, respectively, for maize. Doses of nitrogen fertilizers were set as 110 and 430 kg N ha −1 252 yr −1 for cotton and the W-M, respectively. The fertilizer types, application methods and timings of the 253 conventional management practices (Liu et al., 2010 , 2011 , Wang et al., 2013a were adopted for the 254 baseline scenario (Tables S1−2) . Over the last few decades, the fields in the region have been mostly 255 flood-irrigated (Liu et al., 2010) . Therefore, flood irrigation was chosen for the baseline. The baseline 256 timings and water amounts were set by referring to the 10-to 30-d cumulative precipitation prior to 257 individual irrigations and the recorded timings and water amounts of conventional management 258 practices in both lands during the experimental periods. Thus, the irrigation frequencies and annual 259 cumulative water amounts during the three consecutive 6-year rotation cycles for the baseline scenario 260 (Table S3) vary from 1 to 3 times and 75 to 230 mm yr −1 for cotton and 4 to 6 times and 290 to 510 mm 261 yr −1 for the W-M, respectively. As the incorporation of crop residues has been widely adopted in 262 northern China, full incorporation following the final harvest of each crop was set as the baseline. Two 263 tillage depths were set in the baseline level-II scenario based on the conventional practices of the region. 264
One is approximately 20 cm, which occurs immediately prior to the sowing of each crop. The other is 265 30 cm. This depth is used following the cutting of cotton stems immediately or shortly after the last 266 grain harvest of this crop. Table S2 lists in detail the baseline management practices excluding those of 267 irrigation. 268 The five non-baseline level-II scenarios include: (i) N94/366 and N77/301, which use 15% and 30% 269 lower fertilizer nitrogen doses, respectively, than the single-factor baseline scenario (i.e., N110/430); (ii) 270 I08 and I06, which reduce the water amounts of each irrigation event by 20% and 40%, respectively, 271 relative to the single-factor baseline scenario (i.e., I10); (iii) IS, which adopts sprinkling instead of 272 flood irrigation as the baseline method (i.e., IF); (iv) RI0, with no incorporation/retention of 273 aboveground residues instead of the full incorporation/retention as in the baseline (i.e., RI1); and, (v) 274 T10 and T0, which apply reduced tillage (to 10 cm depth) and no-tillage practices, respectively, for the 275 W-M, instead of the conventional tillage depth of 20 cm used as the baseline (i.e., T20 
Operation of model simulation 279
For all the scenarios of both levels, the average outputs of individual decision variables for 280 18-year simulations, including three consecutive 6-year rotation cycles of each level-I scenario, were 281 used to assess the biogeochemical effects of rotation patterns and management practices. The 282 simulations were driven by the meteorological data observed at the Yuncheng station (approximately 60 283 km east to the experimental site) in 1996−2013, which were provided by the China Meteorological 284 Data Service Center (http://data.cma.cn/data/cdcindex/cid/6d1b5efbdcbf9a58.html). To stabilize the 285 carbon and nitrogen dynamics and reduce the residual effects of initial conditions (Zhang et al., 2015) , 286 especially to establish the carbon and nitrogen equilibriums among different pools, a spin-up of at least 287 10 years is usually required (Palosuo et al., 2012) . For this reason, the model applied a spin-up of 12 288 years (i.e., a period of two 6-year rotation cycles) before performing the 18-year simulations for each 289 scenario. The spin-up was driven by the same rotation pattern and field management practices as each 290 scenario. The average yields were the averages of cotton, wheat and maize yields of all three 6-year 291 rotation cycles, while the average values of other decision variables explicitly or implicitly involved in 292
Eq. (1) were the averages of 18-year simulations for each scenario. 293
Method for identifying the best management practices 294
An objective method jointly relying on three constraints and NIPs was adopted in this study to 295 identify the optimal rotation pattern and BMP. These constraints included (i) stable or increased crop 296 yields, (ii) stable or increased SOC (identical with the SOC definition of Cui et al. 2014) , and (iii) 297 reduced NEGE. In the present study, the NEGE was quantified as a CO 2 eq based on the 100-year 298
GWPs provided by the IPCC (2013). The NIP was used to evaluate the potential for a climatically and 299 environmentally integrative impact exerted by a rotation pattern with a given level-II scenario. The NIP 300 was measured in this study by a price-based proxy quantity in USD ha In Eq. (1), a lower NIP indicates a better set of management practices that can exert smaller 311 negative impacts on the climate and environment. Accordingly, the optimal rotation pattern with the 312 BMP was identified as the scenario with the lowest NIP among those scenarios satisfying all three 313 constraints. 314
Statistics and analysis 315
The statistical criteria of the (i) index of agreement (IA) (Eq. (2)), (ii) Nash-Sutcliffe efficiency 316 (NSI) (Eq. (3)) evaluating modeling efficiency (e.g., Moriasi et al., 2007; Nash and Sutcliffe, 1970) , (iii) 317 determination coefficient (R 2 ), slope and significance level of a zero-intercept univariate linear 318 regression (ZIR) of observations (o) against simulations (s) and (iv) model relative bias (MRB) (e.g., 319 Congreves et al., 2016; Willmott and Matsuura, 2005) were simultaneously used to evaluate model 320 validity. In Eqs. 2−4, k and n (k = 1, 2,..., n) denote the kth pair and the total pair number of the values, 321 respectively, and ̅ represents the mean of observations. The IA index falls between 0 and 1, with a 322 value closer to 1 indicating better simulation, and vice versa. An NSI value between 0 and 1 shows 323 acceptable model performance and otherwise, worse. The R 2 value of a ZIR, which has the same 324 meaning as that of a univariate linear regression including an intercept, is also calculated by Eq. (4) 325 (Jiang, 2010) , wherein ̂ denotes the s-based prediction using the ZIR. The F-test was used to 326 determine the significance level of a ZIR. Better model performance is indicated by a significant ZIR at 327 P < 0.05 and a slope and an R 2 value being closer to 1, and vice versa. A slope less than 1 indicates an 328
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overestimation by simulations and the opposite underestimation. The MRB, which is expressed as a 329 percentage, is defined by Eq. (5), wherein ̅ denotes the average of simulations. In this study, an 330 absolute MRB greater than two times the coefficient of variation (CV) (or a simulation falling outside 331 of the range of mean ± two standard deviations) of spatially replicated observations is used to represent 332 a significant discrepancy based on the 95% confidence interval (CI); the opposite indicates a good 333 agreement or an insignificant discrepancy based on the CI. A positive MRB value indicates 334 overestimation by modeling whereas a negative value indicates underestimation. 335
In this study, ZIR analysis, variance analysis, and graphical comparison were performed with 336 SPSS Statistics Client 19.0 (SPSS Inc., Chicago, USA) and Origin 8.0 (OriginLab, Northampton, MA, 337 USA) software. 338
Results 339

Model validation of the cotton cropping system 340
The seasonal dynamics and magnitudes of soil (5 cm and observations also agreed well, with an absolute MRB of 7%, which was less than two times the 346 spatial CVs (37−44%) for the measurements (adapted from Liu et al., 2014) . 347
The simulated were comparable with the observations, with absolute MRBs of less than 3% and 6%, respectively, 353 both of which were less than two times the spatial CVs (24−50%) for the measurements (adapted from 354 Liu et al., 2014) . 355
The simulated NEE fluxes suggested that the model captured the seasonal fluctuations, which 356 were negative in the cotton growing season, but positive or neutral during the remaining periods (Fig.  357 1e). The IA, NSI, and ZIR slope and R 2 were 0.72, 0.29, 0.79 and 0.31 (n = 365, P < 0.001), 358 respectively, for the daily NEE simulation. For the annual cumulative NEE, the model simulation 359
showed an absolute MRB of 2%, which was less than the reported uncertainty (25%) of observations 360 (Wang et al., 2013a ) 361
For CH 4 uptake, the observations and simulations showed similar seasonal variations (Fig. 1f) , 362 with the IA, NSI and ZIR slope and R 2 of 0.71, < 0, 0.76 and 0.16 (n = 69, P < 0.01), respectively. The 363 model simulation yielded an absolute MRB of 8% for the cumulative CH 4 uptake, which was smaller 364 than two times the spatial CVs (12%) of observations (adapted from the unpublished data). 365
These results suggest that the DNDC95 model could be applicable for investigating the 366 biogeochemical effects of different rotation patterns between cotton and the W-M and those of different 367 management practices under a given rotation pattern. The average grain yields of cotton, wheat and maize were not significantly different among 375 various rotation pattern options, with averages of 3.0, 5.0 and 7.0 kg dry matter ha −1 for cotton, wheat 376 and maize, respectively (Figs. 2a−c) . 377
For the dynamic changes in annual SOC stocks, the values were positive for the W-M, but 378 negative for the cotton, except for the first year after the transition to this fiber crop. As Fig. 2d  379 indicates, the simulated SOC contents over the 18-year period increased for R 0 , R 1 , R 2 and R 3 but 380 decreased for R 4 and R 5 . The annual average −△SOC significantly increased (P < 0.001) with an 381 increase in the consecutive years of cotton monoculture from 0 to 5 within the 6-year rotation cycle 382 (Fig. 3a) . Rotation pattern options with baseline management showed small variations in CH 4 uptake 383 (Fig. 2e) , with the annual uptake ranging from 1.80 to 1.89 kg C ha −1 . However, the annual averages of 384 CH 4 uptake significantly increased (P < 0.001) with an increase in the consecutive years of cotton 385 monoculture from 0 to 5 within the 6-year rotation cycle (Fig. 3b ). For N 2 O, the annual emission of the 386 rotation options with the management baselines showed large inter-annual variations (Fig. 2f) , with a 387 CV of 21−45%. Meanwhile, the annual average emissions of this gas significantly decreased from 4.3 388 to 2.6 kg N ha −1 (Fig. 3c ) with an increase in the consecutive years of cotton monoculture (P < 0.001). 389
As a result, increasing the consecutive years of cotton monoculture from 0 to 5 within a 6-year rotation 390 significantly promoted (P < 0.01) the NEGE (Figs. 2g and 3d) . 391
As for the gaseous air pollutants of NH 3 and NO, the simulated annual emissions ranged from 17 392 to 104 and 0.5 to 3.5 kg N ha annual emissions of both gases were significantly reduced by increasing the consecutive years of cotton 394 monoculture from 0 to 5 within the 6-year rotation cycle (P < 0.001). 395
The annual NO 3 − leaching of different rotation pattern options displayed significant inter-annual 396 variations (Fig. 2j) , with CVs of 40−68%. Thus, the annual averages of NO 3 − leaching insignificantly 397 changed in response to the consecutive years of cotton monoculture within the 6-year rotation cycle 398 (Fig. 3g) . 399
The NIP significantly varied among the various rotation pattern options (P < 0.001), declining 400
Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License. from 609 to 320 USD ha −1 yr −1 with an increase in the consecutive years of cotton monoculture within 401 the 6-year rotation cycle (Fig. 3h) . For the three constraints, the one for crop yields was not used in 402 screening the optimal rotation pattern as the simulations showed no obvious difference among the 403 options. Both R 0 and R 5 represent the typical rotation patterns in the region. The simulations for the 404 former indicate the greatest increase in SOC and lowest NEGE but the highest NIP, and those for the 405 latter show the greatest SOC loss and largest NEGE but the lowest NIP (Figs. 3a and d) . These patterns 406 indicate that neither typical rotation pattern is optimal. Considering the trade-offs between NIP and 407 both △SOC and NEGE, R 3 was chosen as the optimal rotation pattern that can balance economic 408 benefit (crop yields), soil fertility and environmental safety well. 409
Biogeochemical effects of single-factor management alternatives 410
Under the screened optimal rotation pattern of R 3 , the biogeochemical effects of each single field 411 management practice were evaluated. 412 N94/366 had no obvious effects on annual average yields compared to N110/430 based on the 413 single-factor baseline of nitrogen doses. However, N77/301, with a further 15% reduction in doses, 414 reduced the annual averages of crop yields, especially for the W-M, by more than 10% (P < 0.05; Fig.  415 4a). The annual averages of △SOC and N 2 O emission tended to decline by 2% and 3%, respectively, 416 for N94/366 and by 10% and 10%, respectively, for N77/301. As a result, the NEGE for nitrogen 417 reduction scenarios was reduced by 13−15% (Fig. 3b) . For NH 3 , NO emissions and NO 3 − leaching, the 418 annual averages were reduced by 19%, 10% and 29%, respectively, for N94/366 and 37%, 20% and 419 49%, respectively, for N77/301 (Fig. 4c) . Compared with N110/430, the lower emissions of gaseous or 420 dissolved nitrogen pollutants from these two scenarios with reduced nitrogen doses resulted in a 15% 421 and 33% (P < 0.05) lower NIP, respectively (Fig. 4a) . 422
In comparison with I10 as the baseline, I08 slightly decreased the annual average yields by less 423 than 4% (Fig. 4a) , but the annual average yield of maize was reduced by more than 10% for I06. The 424 effects of the reduced irrigation water amount on annual △SOC, CH 4 uptake, and N 2 O, NH 3 and NO 425 emissions were not consistent among simulations during the 18-year period. Thus, the annual averages 426 of these decision variables for both I08 and I06 were not significantly different from those of I10. The 427 annual averages of NO 3 − leaching also showed insignificant response to the reduced irrigation water 428 amount. Therefore, saving water did not lead to an obviously modified NIP compared to the 429 conventional amount of irrigation water used as the single-factor baseline (Figs. 4b and c) . For both T10 and T0, the annual averages of crop yields were not significant changed from those 442 of T20 as the baseline with a conventional tillage depth of 20−30 cm (Fig. 4a) . However, both T10 and 443 T0 enlarged the annual averages of △SOC and N 2 O emission to different extents compared to the 444 baseline, with 0.21−0.18 versus 0.12 Mg C ha −1 yr −1 for the former and 3.9−4.2 versus 3.6 kg N ha −1 445 yr −1 for the latter (Fig. 4b) . Further, T10 and T0 led to a lower annual CH 4 uptake than T20, with the 446 effect of the no-tillage scenario being very significantly in particular (P < 0.01). As the increases in 447 △SOC could offset the decrease in CH 4 uptake and the increases in N 2 O emission, the annual average 448 of NEGE for T10 decreased by 19%. Moreover, T10 and T0 showed no obvious effects on the 449 emissions of NH 3 and NO and leaching of NO 3 − . Nevertheless, no statistically significant difference in 450 NIP was detected between T10 or T0 and the baseline. 451
According to the results above on the single-factor scenarios under the optimal rotation pattern, 452 the following insights were obtained: reducing nitrogen fertilizer doses by 15% does not significantly 453 affect the crop yields but obviously reduces the decision variables, thus leading to reduced NIPs; full 454 incorporation/retention of crop residues decreases NEGE but increases NO 3 − leaching, thus showing no 455 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License. obvious effect on the NIP due to the trade-off between these two opposing effects; shifting 456 conventional tillage to the reduced tillage or no-tillage practices benefits △SOC while increasing N 2 O 457 emission. 458
Identification of best management practices 459
To achieve the BMP under the optimal rotation pattern (i.e., R 3 ), all multifactorial scenarios were 460 simulated. The simulated results of all 108 scenarios were compared to evaluate the integrative 461 biogeochemical effects based on the three constraints and NIPs. 462
To screen the BMP, the annual averages for the 18-year simulations of the examined variables, 463 including crop yield, NEGE, NH 3 volatilization, N 2 O and NO emissions, and NO 3 − leaching, for each 464 single-and multifactorial scenario of various management practices were analyzed. In consideration of 465 the two constraints that crop yields and SOC stocks are no less than those of the baseline, only five out 466 of the 107 scenarios, excluding that of the baseline, met these requirements. Further taking into account 467 the third constraint that the NEGE should be reduced compared with that of the baseline, only four of 468 the 107 scenarios were screened. According to the final objective quantitative criteria, one of these fourCO 2 during the vigorous growth stages but emitted CO 2 to the atmosphere during the other periods. 510
However, the abrupt NEE increases during the growing season on cloudy or rainy days were still not 511 well simulated due to the calculation of plant growth relying on cumulative daily temperature over 0 °C 512 and the parameter TDD (e.g., Cui et al., 2014) . For the simulations of other nitrogen losses from the 513 cotton field, the NH 3 volatilization and NO 3 − leaching accounted for 18−24% and 6−13%, respectively, 514 of the applied fertilizer nitrogen during the 2-year period used for model validation. These loss rates 515 were comparable with the field measurements of 10−23% for NH 3 volatilization (Li et al., 2016) and 516 16−17% for NO 3 − leaching (Liu et al., 2014) . 517
The model validation suggests that the scientific processes determining the NO fluxes during the 518 spring period before nitrogen fertilization in cotton fields and those determining the photosynthesis and 519 ecosystem respiration in CO 2 fluxes (both as the NEE components) on cloudy and rainy days still 520 require improvement in the future study. As there was no observation of NH 3 volatilization and NO 3 − 521 leaching from the experimental cotton field, this validation study did not include both decision 522 variables. Thus, future study still requires further validation of model performance using 523 comprehensive observations covering both decision variables as well as others. 524
Biogeochemical effects of rotation pattern and management practices 525
The monoculture effect is neglected in the DNDC model. However, this neglect did not affect the 526 simulated crop yields and thus the decision variables as results of biogeochemical interactions. For the 527 W-M, the two crops are cultivated in rotation instead of the monoculture of either of them. Therefore, 528 the W-M has been cultivated over the long term in many lands in northern China. The monoculture 529 effect may manifest as changes in cotton yields if this crop is continuously cultivated for a long time. In 530 practice, a period of 5 consecutive years is usually applied for the longest cotton monoculture to 531 stabilize its yields while avoiding heavy uses of herbicides, pesticides and germicides, which benefit 532 the environment. Meanwhile, balanced elemental nutrients have been applied in cotton cultivation, in 533 which the crop residues remain in the field after the final seed harvest to avoid nutrient deficit. In this 534 way, the negative effect of monoculture on cotton yields can be offset (Han, 2010) . This fact is 535 reflected by the DNDC model that assumes balanced nutrient supplies for any crops (e.g., Li, 2017 The definition of modeled SOC of Cui et al. (2014) was applied in this study, which represents the 537 total organic pool including the carbon in microbes, active humus (namely, humads) and resistant (or 538 inactive) humus and excludes visible biomass residues in any form. In fact, this definition is identical to 539 that of the SOC measured by the classic method in soil science. The simulated positive annual changes 540 in SOC for the W-M were mainly attributed to the incorporation of full aboveground residues (at rates 541 of 5.1−7.0 Mg C ha −1 yr −1 ), which were favorable for carbon sequestration (Han et al., 2016) . However, 542 the negative annual changes in SOC for the cotton cropping system resulted from the shorter growing 543 season relative to that of the W-M. The longer fallow season stimulated a notable amount of CO 2 544 emission from the soil, thereby reducing soil carbon sequestration (Liu et al., 2019) . As a remarkable 545 carbon sink, the W-M with incorporation of full crop residues could even totally compensate for the 546 SOC lost during the first cotton-planting year following cultivation of the W-M for some years. Thus, 547 the annual change in SOC was generally positive in the first cotton-cultivation year of the investigated 548 rotation patterns. Therefore, an appropriate rotation pattern of cotton and the W-M could balance the 549 ecosystem organic carbon budget of a 6-year cycle as well as gain an economic benefit from growing 550 the non-cereal cash crop. The rotation patterns of R 0 and R 1 acted as net GHG sinks since the increased 551 SOC exceed the increased N 2 O emission related to the W-M cultivation. In comparison, the other 552 rotation pattern options all functioned as net GHG sources. The higher application rate of fertilizer for 553 the W-M than for cotton resulted in more reactive nitrogen remained in the soil (Chen et al., 2014; Ju et 554 al., 2009) , thereby stimulating more emissions of the nitrogenous air pollutants and N 2 O under the 555 scenarios with fewer cotton planting years. Therefore, the R 3 should be proposed as the appropriate 556 rotation pattern of cotton and the W-M, which, among the six examined options, can allow the 557 sustainable intensification with maximal yield benefits and minimal negative impacts on the 558 environment. 559
Northern China, as the most important agricultural region, experienced an increase in crop yields 560 by a factor of 2.8 in 1980−2008, during which the application of mineral fertilizers increased by a 561 factor of 5.1. The rapid increase in fertilizer inputs has resulted in excessive nitrogen remaining in soil, 562 posing potential risks for the environment (Chen et al., 2011; Zhang et al., 2017b) . To solve this 563 problem, the reduction of fertilizer application was proposed in several previous studies (e.g., Chen et 564 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License. al., 2011 License. al., , 2014 Liu et al., 2012) . The results of scenario analysis in this study indicated that, for the 565 optimal rotation pattern, further reducing the farmer-optimized nitrogen doses by 15% (to 94 and 366 566 kg N ha −1 yr −1 for cotton and the W-M, respectively) could sustain the crop yields while greatly 567 decreasing the emissions of nitrogenous gases. 568
In addition to fertilization, over-irrigation in northern China has also been ubiquitous for a long 569 time, which threatens the water security of this region due to the sharply declining groundwater table 570
and water pollution (Gao et al., 2015; Ju et al., 2009) . For this reason, only management options with a 571 reduced irrigation water amount should be considered under the severe shortage of water resources, 572 even though the yields for these scenarios slightly decreased. In addition, adopting sprinkling instead of 573 flood irrigation for an equal water amount showed positive effects on crop yields, indicating irrigation 574 efficiency improvement (Zhang et al., 2017b) . This result means that rather than blindly using larger 575 nitrogen doses, increasing water-use efficiency through the application of alternative irrigation 576 techniques could be a pathway to sustain crop yields with reduced nitrogen addition. 577
Through a ban on burning crop residues in fields, returning the residues to the field is strongly 578 suggested by the government. The simulated results for incorporation of full residues indicated that this 579 practice can simultaneously increase crop yields, soil carbon storage and emissions of N 2 O and NO 580 while decreasing the NEGE. These simulations were consistent with the results of field observations 581 (Liu et al., 2011) . The consistent results indicate the beneficial effect of residue incorporation on GHG 582 balance. 583
Reduced tillage and no-tillage practices have been promoted in China in recent decades. To 584 facilitate decomposition of woody cotton residues and avoid outbreaks of diseases and pests due to the 585 continuous implementation of the no-tillage practice, adjustment of tillage practices was only applied in 586 the W-M, while deep tillage for cotton was maintained when setting the tillage scenarios. As the 587 no-tillage practice reduces gas permeability, it significantly decreases CH 4 uptake (Zhao et al., 2016) . 588 However, as shown by the model simulations, the contribution of this effect on CH 4 uptake to the 589 change in NEGE was much smaller compared to that of the no-tillage effect on SOC stock. Similar to 590 previous experimental studies (e.g., Zhao et al., 2016) , the scenario analysis relying on model 591 simulations in this study showed that the reduced tillage or no-tillage practice could sustain crop yields 592 Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-401 Manuscript under review for journal Biogeosciences Discussion started: 25 September 2018 c Author(s) 2018. CC BY 4.0 License. and increase carbon sequestration in the soil while reducing NH 3 volatilization and NO 3 − leaching. 593
As shown above, the influences of various field management practices on crop yields and the 594 decision variables were different from each other in most cases. This implies that an appropriate 595 combination of the single-factor management practices must exist for the rotation cropping system of 596 cotton and the W-M. The biogeochemical effects of such an appropriate combination should satisfy the 597 three constraints while resulting in the lowest NIP. Direct observations in field experiments, which 598 often have very few treatments, measure very few variables and/or parameters for each treatment and 599 represent very few conditions, are usually far less sufficient for screening such an appropriate 600 combination. However, identifying such an appropriate combination is one of the purposes of 601 developing a biogeochemical model, such as the DNDC model. The biogeochemical model validated 602 with limited observations from field experiments is in principle capable of fulfilling this task. 603
Evaluation of the best management practice 604
The scenario analysis succeeded in screening for the BMP. The BMP could sustain the crop yields 605 of cotton, winter wheat and summer maize of the three-crop rotation system, increase SOC stock, 606 mitigate N 2 O emission and NEGE, reduce emissions of NH 3 and NO, and reduce NO 3 − leaching due to 607 the enhanced resource use efficiency in response to the reduced nitrogen-fertilizer dose and irrigation 608 water amount. Hence, the BMP could result in a more drastically reduced NIP than the other examined 609 management options. In the face of the scarcity of water resources and the pollution of underground 610 water in northern China, reducing the irrigation water amount is an important pathway for adapting and 611 alleviating these challenges (Gao et al., 2015; Ju et al., 2009; Zhang et al., 2017b) . Therefore, in 612 addition to the BMP, another scenario, in which the irrigation water amount is further reduced to 60% 613 of the conventional level of farmer practices, could also be chosen if the loss of maize yield by 9% on 614 average is tolerable. The model simulations for this management practice combination with 25% less 615 irrigation water than the identified BMP showed similar effects on the cotton and wheat yields and all 616 the decision variables compared to the BMP. 617
The uncertainties of the screened BMP mainly stem from three aspects. of monoculture on cotton yields. However, some studies have demonstrated that the negative effects of 620 cotton monoculture can be compensated for by improved field management (Han, 2010; Liu et al., 621 2014) . This solution has been considered as much as possible in developing the scenario settings to 622 avoid the unexpected monoculture influences. 623
The second aspect is the insufficient data for model validation. Due to the lack of observations, the 624 model simulations on NH 3 fluxes for cotton cultivation and those on NO 3 − leaching in both cotton and 625 the W-M cropping systems were not validated (Cui et al., 2014 ; this study). The DNDC model has been 626 established by following the mass conservation law. In other words, it can reflect the mass balance of 627 the nitrogen budget for the simulated soil layer (0−50 cm depth) well. This model principle implies that 628 only one budget item could be allowed to not be validated. The item is usually soil nitrogen loss 629 through the production of dinitrogen gas (N 2 ) mainly by denitrification, which is very difficult to 630 measure in situ (e.g., Wang et al., 2013) . For both cropping systems, the nitrogen lost through this 631 pathway could be almost fully inhibited in the topsoil, wherein the soil moisture contents were often 632 lower than 60% WFPS (Linn and Doran, 1984; Liu et al., 2011 Liu et al., , 2014 . However, most likely, N 2 lost 633 could not be neglected in lower soil due to higher groundwater tables of approximately 1 m in depth. 634
The model principle also implies that the uncertainty for the simulation of NO 3 − leaching during cotton 635 cultivation might have been larger than that of the W-M cropping system since the former has one more 636 decision variable (i.e., NH 3 volatilization) not directly validated by observations. These situations 637 suggest that the current uncertainties in identifying the BMP may not be reduced unless the simulations 638 of both NH 3 volatilization and NO 3 − leaching can be validated in addition to the other validated 639
variables. 640
The last aspect is the method applied for the identification of the BMP. The current method only 641 considers the biogeochemical effects on decision variables and crop yields as one of the three 642 constraints. It excluded other factors, such as those related to the costs of management practices, 643 thereby likely resulting in uncertainty. Although the method applied in this study still has some 644 deficiencies, this case study shows its potential application in more comprehensive situations, which 645 can be easily and automatically implemented as long as the simulations for all the decision variables 646 and crop yields can be validated with comprehensive observations. 647
Conclusions 648
An approach was proposed and applied to identify the optimal rotation pattern with the best other 649 field management practice (BMP) based on the negative impact potentials (NIPs) of individual 650 options/scenarios and a set of constraints. The NIP of an option or a scenario was defined as the linear 651 function of five decision variables, including net ecosystem greenhouse gas emission (NEGE), 652 ammonia volatilization, nitric oxide release, emission of nitrous oxide in the form of ozone layer 653 depletion matter, and nitrate leaching. This study used three variables, i.e., crop yield, soil organic 654 carbon (SOC) content, and NEGE, to specify the applied constraints that were stable/increased crop 655 yields and SOC contents and reduced NEGE. All the decision variables and those related to constraints 656 were generated through model simulation. The optimal management option was referred to as the 657 scenario with the lowest NIP among those simultaneously satisfying the three constraints. 658
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